Material compliance has been shown to be a predictor of vascular graft patency and as such is a critical parameter when designing new materials. While ex vivo derived materials have been clinically successful in a number of applications their mechanical properties are a direct function of the original vessel and are not easily controllable. These investigations describe an approach to modulate the mechanical properties of an ex vivo derived scaffold by machining variable (discrete) wall thicknesses to control compliance. Human umbilical arteries (HUA) were machinelathed directly from the umbilical cord at wall thicknesses of 250, 500, 750, and 1000 μm then decellularized using 1 % sodium dodecyl sulfate (SDS). Compliance over physiological pressures, increased from 3.08±1.84% to 11.47±4.11% as direct function of each discrete vessel diameter. Radial stress strain analysis revealed primary and secondary failure points attributed to the discrete layers within the anisotropic scaffold. Maximum strength and suture retention were shown to increase with increasing wall thickness, by contrast stress failure decreased with increasing thickness due to increasing proportions of the mechanically weaker amorphous Wharton's jelly (WJ). Reseeded smooth muscle cells were shown to adhere, proliferate, and migrate from the scaffold surface showing the potential of the HUA as a mechanically 'tunable' material with applications as an acellular implant or as a tissue engineered construct.
Introduction
The US National Hospital Discharge Survey (NHDS) approximates that 253,000 patients had 448,000 coronary artery bypass surgery procedures in the United States in 2006. While autologous vessels are preferred for peripheral and coronary bypass these may not be available due to disease progression, aged vessels, and anatomical limitations. 1, 2 There is also a significant need for smaller diameter grafts for patients that develop plaques in vessels that supply blood to other major organs and periphery of the body. 3 Despite the considerable clinical demand for small diameter blood vessel substitutes there has been limited success with vessels <6mm in diameter, due to a number of potential complications such as early thrombosis, aneurysm formation, anastomotic intimal hyperplasia, and compliance mismatch. 2, 4, 5, 6, 7 These clinical outcomes are primarily driven by a high resistance of the vessel walls, as well as low flow rates associated with small diameter replacement vessel. 5 Aside from synthetic materials, research is actively being conducted on xenogeneic and allogeneic alternatives due to their inherent biological advantages. Biologically derived materials not only have structural advantages, but contain important biological molecules such as: glycosaminoglycans, proteins, growth factors, and proteoglycans, all which can facilitate cellular adhesion and extracellular matrix remodelling to aid tissue regeneration. There has been promising research using allografts and xenografts using materials such as human umbilical vein grafts, porcine carotid arteries, porcine small intestinal submucosa (SIS). 8,910,11,12,13, Vascular scaffolds derived from human umbilical arteries and veins have a number of interesting properties that may be exploited. Of particular interest to these works are the structure and composition of the adventitia/connective tissues that surround the vessel proper, the 'Wharton's Jelly' (WJ). This component of the scaffold is rich in glycosaminoglycans (GAGs), peptide growth factors (PGF), and proteoglycans, which may provide a rich environment conducent for scaffold remodelling. 14, 15, 16 Similar in structure and with the same derivation as the HUA, the human umbilical vein (HUV) has had positive clinical results over the past three to four decades as a glutaraldehyde cross-linked implant. 12, 13 While being resistant to degradation, natural materials cross-linked in this manner lack the capacity to remodel into functional vessels. Also using the HUV, Daniel and McFetridge et al developed a novel dissection method to automate dissection of the vein from the umbilical cord using a modified lathe that results in a vessel with a more uniform surface at a specified thickness. 17 This approach reduces lengthy manual dissection times and improves uniformity of the dissected vessel with a reproducible wall thickness. The automated dissection technology has been extended to the HUA.
Although similar to the human umbilical vein, the human umbilical artery provides an alternative material as a replacement for smaller blood vessels due to having a smaller diameter and a more robust medial layer structure. 18 This study investigates the potential of the human umbilical artery as a mechanically tuneable substitute blood vessel. Mechanical tests performed on lathed, decellularized vessels compared with the manually dissected tissue (control) gave insight on how the vessel can be customized to have specific mechanical properties by controlling wall thickness (250μm to 1000μm). With mechanical matching of graft materials to the natural vasculature a high priority, the ability to customtune scaffold mechanics to avoid compliance mismatching may improve patency rates in comparison to other high modulus materials.
Materials & Methods

Automated dissection
Deidentified human umbilical cords (Fig. 1A, B) were obtained from Norman Regional Hospital. Vessels were cleaned and used within 24 hours of collection. Once machined and processed (decellularization and sterilization) vessels were seeded or used for mechanical testing within 24 hours. During intermittence vessels were stored at 4°C in phosphate buffer saline (PBS, pH 7.4). Each 10 cm section of the whole umbilical cord was mounted on a stainless steel mandrel (3.5 mm OD) inserted through the artery lumen (Fig. 1C) . Mounted tissues were then progressively frozen at a rate of 2.5°C/min to −86 °C in a styrofoam container. After a minimum of twelve hours, the mounted, frozen vessels (Fig. 1D ) were removed and immediately inserted into a custom-built Micro-kinetics computer numerical control (CNC) lathe (Kennesaw, GA) ( Fig. 2A ). Tissues were cut at a rotational speed of 2900rpm (Fig. 2B, C) at thicknesses of 250, 500, 750, or 1000 μm (Fig. 3) yielding arteries with a smooth surface and a uniform thickness (Figs. 1E, 2D) . Dissected arteries were then thawed in double-distilled water at 5°C for 1 hour before decellularization.
Manual Dissection
A steel rod (3.5 mm OD) was inserted through the artery lumen, then the tissue surrounding the artery was dissected away using a scalpel. This resulted in vessels with wall thicknesses ranging between 200 and 350 μm.
Decellularization
After dissection and thawing, arteries were immersed in 1% (w/v) sodium dodecyl sulfate (SDS) for 24 hours on an orbital shaker (100rpm), rinsed in distilled water for 24 hours, washed for 24 hours in 75% ethanol, then washed again in distilled water. Samples were sterilized using 0.2% peracetic acid for 2 hours, rinsed in distilled water, then rinsed in PBS for 24 hours until pH balanced at 7.2. Decellularized arteries were stored in sterile PBS at 5°C prior to use. Manually dissected HUAs were not decellularized to maintain the natural properties of the tissue.
Stress-Strain Testing
Artery ringlets (5mm wide) were loaded onto a uniaxial tensile testing rig (Instron Corp, Instron 5543 testing machine, Norwood, MA) using stainless steel L-shaped hooks. To determine the stress-strain relationship and yield stress in the radial direction, an initial force of 0.005N was applied to the sample ringlet, after which the rings were extended until failure at a rate of 5mm/min. The strain was calculated from the initial diameter of the ringlet (L I ) and the extension induced by the mechanical testing machine (change in the ringlet diameter (L F -L I ) where L F is the extension at failure) using the equation . The resulting tensile stress was calculated using , where 2tw the cross sectional area of the ringlet the force was applied with t being the ringlets thickness and w the width of the ringlet in contact with the hooks.
For the longitudinal stress strain analysis, arteries were cut into flat sheets (10mm wide x 30mm long) and clasped on each end by mechanical grips. Strain was computed as above except L I represents the initial longitudinal length and L F was the longitudinal length of the strip at failure. Stress was then determined using , with t the strip thickness and w the strip width equal to 10mm.
Suture Retention
Suture holding capacity was assessed by applying uniaxial force (Instron Corp, Instron 5543 testing machine, Norwood, MA) to sutured samples cut longitudinally to form a 10 mm wide × 30 mm long sheet. A single sterile 3-0 braided silk suture was passed through one end of the tissue section 3 mm below the cut edge, with the other attached to the test rig. Samples were preloaded to a force of 0.005 N and then an extension rate of 5 mm/min was applied until failure.
Burst Pressure and Compliance Analysis
2.5cm sections of HUA were used to test vessels compliance and burst failure using a Master Test Type 220-4s pressure transducer (Mash Instrument Company, Skokie, IL) and a syringe pump with an in-flow rate of 60ml/min. For compliance, the diameter of each artery was measured using image analysis software (ImageJ, Image Processing and Analysis in Java) of video stills recorded during testing at 80 and 120 mmHg. Compliance was calculated by multiplying the percent diameter change with the inverse difference in pressure. 17 
SEM
Samples of lumenal and ablumenal artery surfaces were gently washed three times in PBS, fixed in 1%(v/v) glutaraldehyde for 4 hours, rewashed three times in PBS, soaked in 1% osmium in PBS for 2 hours, washed, and dehydrated in graded ethanol treatments (30%, 50%, 70%, 90%, 95%, and 100%) for 10 minutes each. Samples were then critical point dried, gold sputtered, and analyzed using a JEOL LSM-880 Scanning Electron Microscope at 15 kV.
Cell culture
Human smooth muscle cells (#2854) were purchased from ATCC (Manassas, VA) and cultured under standard conditions at 37°C with a 5% CO 2 concentration. Media was composed of Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal serum complex (Gemini Bio-Products, West Sacramento, CA) and 1% penicillin/streptomycin (Gibco Life Technologies, Grand Island, NY). After artery decellularization, arteries were cut longitudinally, opened and cut into circular disks using a 5/16″ steel punch (scaffold surface area = 49.5 mm 2 ). Scaffolds were then soaked in media and incubated at 37°C, 5% CO 2 overnight prior to seeding. Smooth muscle cells, suspended in media, were seeded in onto the ablumenal surface of the scaffold at a density of 1200 cells/mm 2 and cultured to assess initial scaffold interactions over 10 days.
Cell Metabolism and Concentration
Three control scaffolds and three seeded scaffolds were sampled at 2 hours, 1 day, 5 days and 10 days of culture to assess cellular metabolism and DNA content. Cellular metabolism was characterized using the REDOX compound resazurin (Alamar Blue assay, Biosource International, Camarillo, CA). Briefly, scaffolds were rinsed gently in PBS, transferred into new wells, and Alamar blue dye and media were added into the well in a 1:10 concentration ratio for 6 hours. Absorbance was measured at wavelengths of 570nm and 600nm in order to calculate Alamar Blue reduction, which is a measure of reduction reactants of cellular metabolism. Samples were then frozen, cut into small sections, and degraded by overnight incubation in collagenase (Sigma-Aldrich Inc., St. Louis, MO) in PBS at 37°C. Afterwards, samples were sonicated to ensure all DNA was released from the cells. Once samples were homogenous, a Pico Green florescence assay (Invitrogen, Carlsbad, CA) was performed to determine scaffold DNA concentration, as per manufactures instructions. DNA content is proportional to cell concentration and the combination of Pico Green and Alamar Blue assays allows for determination of the average metabolism per cell at each time point.
Histology
Scaffolds were fixed in 10% buffered formalin overnight, processed, and embedded in paraffin. Samples were cut to 5 μm, mounted and stained with H&E as per standard protocols. The stained tissue cross-sections were analyzed using a light microscope (Nikon, Eclipse E800).
Statistical Analysis
All statistics were performed using SPSS software. All comparisons were made using one way ANOVA and the post hoc Tukey test establishing significance with p value 0.05 or less for sample size greater than or equal to three as indicated.
Results
Automated Dissection & Decellularization Method Evaluation
The automated dissection of the HUA from the umbilical cord using the CNC lathe resulted in a vessel with a smooth surface and uniform wall thickness (Figs. 1E and 2D). Manually dissected arteries (controls) had visibly rough, uneven surfaces and thicknesses varying from approximately 250-350 μm (Fig. 3) . Figure 4 shows an SEM of the scaffolds cross-section, displaying typical arterial structure with the addition of the Wharton's jelly surrounding the vessel adventitia. Histology images in Figure 5 show the structure of a native HUA to be consistent with other blood vessels having a lumenal surface composed of tightly packed extracellular matrix proteins and more loosely packed ECM fibers on the ablumenal side. Figures 5A and 5D , respectively, reveal the surface morphology of the lumen of native tissue as compared to decellularized artery scaffolds, which have maintained the tightly packed ECM structure. The ablumenal surface shown in Figures 5B and 5C , had more loosely packed fibers grouped in a structured manner, whereas after decellularization (Fig.  5E, F) , these fibers became more loosely packed and with a decrease in structural organization.
Mechanical Properties of the Human Umbilical Artery Scaffold
Tensile Testing-Typically radial tensile testing on 5mm wide ringlets of various thicknesses yielded two distinctive failure points (Fig. 6 ). The primary failure points for decellularized arteries occurred at similar extension lengths, between 3.2 -4.4 mm, for all scaffold thicknesses. The primary failure peak was over a force range of 5.93 -7.72 N, most of which were not significantly different from that of the manually dissected arteries (5.62 ± 0.81 N). This failure point is attributed to the vascular media layer, which remained constant for all thicknesses, and unaffected by the lathing process. Relative to the primary failure point, a secondary failure point was observed that occurred over a wider displacement range, between 5.4 -9.9 mm. Failure peaks displayed a statistically significant increase in stress from 1.14 to 6.05 N as the vessels overall thickness increased (Fig. 7) .
Longitudinal force displacement tests on the flat artery sheets revealed only one tensile strength failure point per sample ranging from 1.50 -22.01 N. The strength increased with increasing scaffold wall thickness reaching a maximum force value at 750 μm ( Fig. 8) , with no significant difference between the 750 μm and 1000 μm thick scaffolds. The variation in strength with increasing thickness implies the WJ layer is the main component responsible for the mechanical properties in the longitudinal direction. The manually dissected tissue, with layers exterior to the media removed, displayed a similar tensile strength as the 250 μm thick decellularized scaffolds. However, there was an increase in strength observed for the thicker decellularized scaffolds.
Suture Retention-As shown in Figure 9 , thicker tissues displayed significantly higher values for suture retention. The suture holding capacity for all samples ranged from 0.56 -1.83 N, with no difference in suture holding capacity between 750μm and 1000μm thick scaffolds.
Stress Description-The stress values for radial and longitudinal analyses are reported in Figure 10 . Manually dissected tissue and the decellularized tissue at a 250μm wall thickness had similar stress values as they had similar thicknesses. Contrary to the direct force displacement measurements, the radial stress decreases with increasing thickness at the primary failure points and remains approximately equal for the secondary failure points across all thicknesses.
Burst Pressure & Compliance-In order to examine the capability of this scaffold to withstand high blood pressure in the body, the burst pressures of scaffolds with varying thicknesses were assessed. Burst pressures ranged from 585-1570 mmHg, with thinner artery scaffolds resulting in lower burst pressures than those over 500 μm (Fig. 11) . The compliance of the scaffold over the 80/120 mmHg pressure range decreased with increasing thickness (Table 1) . Compliance values of other materials being studied as small diameter blood vessels are shown in Table 2 .
Initial cellular interactions and scaffold remodeling-Prior to seeding, the decellularized scaffolds displayed no sign of cell nuclei throughout the vessel, see Figure  12A . Removal of whole cells by the decellularization process was confirmed with nonseeded controls (Fig. 12A) . Seeded cells attached and proliferated on the ablumenal surface as indicated by the hematoxylin and eosin stained cross-sections (Fig. 12B ), but markedly proliferation was most visible after 10 days, where cells had migrated up to 100 um into the scaffold (Fig. 12C ). Approximately 60,000 cells were seeded onto each disk and results showed 4,300 cells present one day after seeding (Fig. 13) . There was an average of 66,000 cells after 5 days and 294,000 cells after 10 days of culture. Results showed that after 10 days of culture, cells attach and proliferate on the ablumenal surface of the scaffold, with Alamar Blue reduction showing an increase in the bulk cellular metabolism (Fig. 13) . Shown on the secondary y-axis is the percent metabolism per cell which was calculated using cell density data to give the metabolic activity per-cell. These data show cell activity to increase significantly after one day to day 5, and then decrease until day 10.
Discussion
In these investigations we provide a characterization of the structural, biomechanical, and in vitro biocompatibility of prepared HUA with tunable vessel compliance in order to assess its potential as an acellular graft or tissue engineered construct.
In contrast to time-consuming, error-prone manual approaches to dissect the blood vessels from the human umbilical cord, 19, 20, 21 the automated dissection method allows a specific wall thickness 22 to be "dialed-in" yielding an artery with a relatively smooth and uniform surface within 1-2 minutes. 17 Key to this approach is the ability to dissect the HUA with specific wall thicknesses such that the vessels mechanical characteristics can be tuned to a specific range of properties. This is of particular importance in matching vessel compliance where failure to do so has been linked to vessel failure. 23 A major hemodynamic consequence of compliance mismatch is low shear stress rates, turbulence, disturbed flow, decreased distal perfusion and increased impedance which leads to the occurrence of intimal hyperplasia that can result in graft occlusion. 24 In addition to variable cellular responses to changes in compliance (differential wall strain values), reduced compliance also results in a local increase in blood pressure and velocity due to reduced vessel expansion. 25 Using the data from various studies, it has been shown that as the compliance discrepancy increases, patency decreases. As reported by Zilla et al, native arterial compliance was 0.059 ± 0.005 %/mmHg, with the umbilical vein graft having the highest patency of 75% (compliance = 0.037 ± 0.005 %/mmHg), Dacron patency was 50% (compliance = 0.019 ± 0.003%/mmHg), and PTFE had a further reduced patency rate of 40% (compliance = 0.016 ± 0.002 %/ mmHg). 26, 27, 28 Since the HUA's extracellular matrix allows for the preparation of scaffolds at different thicknesses, and results show a decrease in compliance with increasing thickness, a vessel can be "tuned" to match the compliance needed on a patient-to-patient basis (or vessel specific basis). The ability to provide a material that can be manipulated to provide a range of compliance values is important since the vessel compliance decreases with increasing age, and even more so when medial calcification and arteriosclerosis occur. 29 Scaffolds dissected to 500 and 750μm wall thicknesses had similar compliance values to porcine carotid arteries (0.187± 0.041 %/mmHg) 30 and thicker scaffold values were similar to the human saphenous vein (0.04 %/mmHg) 31 and femoral artery (0.06 %/mmHg). 31 Although compliance values were generally high, the percent diameter change, 32 was within the general 1-10% range of biological materials used for small diameter vascular grafts, 17, 33, 34 with the exception of the carotid, femoral and iliac values (15%) measured by Dobrin et al. 35 The percent diameter change reported for synthetic materials PTFE and Dacron were below 1%. 36 In order to be successful vascular grafts are required to withstand physiological blood pressures for extended periods. Burst pressure (P B ) increased significantly ( Fig. 11) with scaffold wall thicknesses of 500μm and above. Gui et al. found slightly higher burst pressures for manually dissected non-decellularized HUA's (969.66 ± 154.42 mmHg) compared to decellularized HUA's (840.37±114.67 mmHg), but there was no significant difference between the two. 18 Our study's decellularized vessels had higher P B 's (605.66 ± 262.99 mmHg) than non-decellularized manually dissected vessels (585.79 ± 151.29 mmHg) but were also not significantly different. However, for this particular thickness (250μm) the P B values in this study are 300 mmHg lower than those found in Gui's study. This may be due to inherent inconsistencies of the manual dissection approach where thicknesses can be over (or under) stated. Overall, the burst pressures for thinner HUA scaffolds (250 μm) were similar to reported values of synthetic scaffolds (Table 2) , whereas those for thicker HUA scaffolds (>500 μm) were significantly higher, but lower than several native arteries and veins.
While the outer layers of the HUA clearly contribute to the vessels' P B , the primary mechanical strength is provided by the medial layer, (approximately 250-350μm thick). Therefore, with larger diameters, the contribution of the medial layer was reduced relative to the Wharton's jelly zone. All P B 's remained significantly higher than physiological and hypertension values, showing these vessels have suitable structural integrity at physiological pressures. For comparison purposes the burst pressures of various materials being studied for use as a small diameter vascular graft have noted, see Table 2 .
The HUA is a composite material and as such behaves in an anisotropic fashion. We hypothesized that the primary failure point was due to the failure of the medial layer, as it was unchanged across all scaffold thicknesses, and with adventitia and connective tissue composed of the less structurally defined Wharton's Jelly accounting for the secondary failure point. Figure 10 illustrates that thinner scaffolds have higher primary failure stress values as they are composed of a higher ratio of the medial layer per unit area relative to the thicker scaffolds containing a lower ratio of strong medial layer to the larger cross sectional area due to inclusion of WJ, that was shown to be a mechanically weaker material.
An analysis of the early in vitro cell interactions with the modified arterial scaffold was designed to assess early cellular interactions. Histology shows the SDS decellularization method left no visible cells, with reseeded SMCs visible on recellularized scaffolds after ten days of culture. Cells were visible initially as a monolayer that over time migrated approximately up to 100μm into the scaffold forming a multi-layer around the scaffolds peripheral surface. Metabolic activity showed an initial spike in activity (on a per cell basis) then decreased after 5 days and remained constant after 10 days of culture. This is possibly due to an initial period where cells acclimate to the new conditions then go into a period of reduced activity (Fig. 13 ). While these investigations were limited in time scale to show early remodeling events it was clear that SMC populated the ablumenal surface and increased in cell density. These results indicate that the base scaffold has sufficient biological and material properties to support cellular proliferation and scaffold remodeling.
In summary, we have developed a rapid automated dissection method with the ability to customize vessel wall thickness in order to modulate compliance. The scaffold has shown its potential to support the adhesion and proliferation of cells as well as ECM remodeling. Future studies will incorporate a three dimensional bioreactor to mimic the host environment on the HUA seeded with endothelial cells on the lumenal surface and smooth muscle cells on the ablumenal surface. These investigations in concert with future in vivo analysis will provide additional validation of the importance of compliance, and insight to biological tissue remodeling. The HUA is a promising material as a small diameter cardiovascular graft, with the capacity to modulate mechanical properties to suit the demands of differing vascular locations. The entire umbilical cord is mounted on a stainless steel mandrel and frozen at −80°C. (A) The cord/mandrel construct is then placed on the modified lathe (B and C) and dissected using a high speed cutting tool (D) to produce a dissected artery with a smooth, uniform surface. Decellularized scaffolds cut into 5mm wide ringlets at various thicknesses were extended at an extension rate of 5mm/min using a force of 0.005N. Primary failure points are attributed to the media layer, which is equivalent for all thicknesses, and the secondary failure is due to the varying thicknesses of the adventitia (Wharton's Jelly). The force (g) exerted by the 5mm wide ringlets at the primary and secondary failure points of the manually dissected and autodissected tissue with respect to artery wall thickness (mm). Primary failure points showed difference only between manually dissected and decellularized 500 μm thickness and 750 μm thickness. There was no difference between decellularized scaffolds, whereas all secondary points were significantly different. *p<0.05, **p<.01 (n=4, ANOVA) HUA scaffolds of varying thicknesses (manual, 250um, 500um, 750um, 1,000um) were cut into flat sheets (10×30mm) and extended until failure. The manually dissected samples show significant longitudinal tensile strength difference from all the decellularized samples except the 250μm thickness. Difference between the decellularized samples only occur between 250 and 750 μm thicknesses *p<0.05, **p<.01 (n=4, ANOVA). The suture retention strength (N) of manually dissected and autodissected tissue increased with increasing artery scaffold thickness. Manual dissection showed significant difference between all decellularized thicknesses but 250μm thickness. *p<0.05, **p<0.01 (n=4, ANOVA) The burst pressure (mmHg) results for manually dissected and autodissected arteries showed a dramatic increase at 500um. **p<0.01 (n=12, ANOVA) Reduction of the alamar blue dye was calculated by measuring the absorbance at wavelengths of 570nm and 600nm after 6 hours of incubation of the seeded and control disks with the dye. The 2 hour time point showed minimum cellular metabolism, and there was in increase seen in every time point afterwards; particularly at 10 days of culture. Alamar Blue and Pico Green assays were used to calculate the metabolism per cell at each day. *p<0.05, **p<.01 (n=4, ANOVA).
